Long-term potentiation (LTP) of C-fiber evoked field potentials in spinal dorsal horn may be relevant to pathological pain. Our previous work has demonstrated that the late phase of the spinal LTP is protein synthesis-dependent. Considerable evidence has accumulated that dopamine D1/D5 receptors are important for late phase LTP in hippocampus. In the present work the role of D1/D5 receptors in LTP of C-fiber evoked field potentials in spinal dorsal horn was evaluated in Urethane anesthetized Sprague-Dawley rats. We found (1) 
Introduction
Tissue or nerve injury induces pathological pain manifested mainly as hyperalgesia, an increased response to noxious stimuli and allodynia, a decrease in pain threshold.
The striking feature of pathological pain is that it usually persists for a long time, even after the damaged tissues have healed (Coderre et al. 1993) . To date the mechanisms underlying the pathological pain are still not well understood.
Long-term potentiation (LTP) in the hippocampus has been intensively studied as a synaptic model of learning and memory (Bliss and Collingridge 1993) . In recent years, it has been shown that LTP can be also induced in the synapses between afferent C-fibers and spinal dorsal horn neurons (Liu and Sandkühler 1995) . Because the spinal LTP can be induced by electrical stimulation of afferent C-fibers and by acute showing that activation of peptidergic cutaneous afferent C-fibers with LTP inducing high-frequency electrical stimulation produces a long-lasting (>3 h) primary hyperalgesia and secondary hyperalgesia and allodynia in human subjects (Klein et al. 2004 ).
In the hippocampus LTP is divided into at least two phases: an early phase (1-3 h) FINAL ACCEPTED VERSION (JN-01324-2004 .R1) 5 depending on covalent modifications of existing proteins and a late phase (>3 h) requiring new mRNA and protein synthesis (Krug et al. 1984; Matthies et al. 1990; Frey et al. 1988 Frey et al. , 1996 Nguyen and Kandel 1996) . Several lines of evidence have shown that activation of dopamine D1/D5 receptors specifically induces the late phase of LTP by stimulating cAMP signaling pathway (Frey et al. 1993; Huang and Kandel 1994, 1995; Nguyen et al. 1994 ).
In the spinal dorsal horn, dopaminergic fibers are mainly from the diencephalic A11 area (Björklund and Skagerberg 1984; Hökfelt et al. 1979 ) and also from primary afferent neurons (Weil-Fugazza et al. 1993) . Dopamine D1 and D2 receptors have also been characterized in spinal dorsal horn (Dubois et al. 1986; Wamsley et al. 1989 ).
Functionally, dopamine inhibits nociceptive spinal dorsal horn neurons (Fleetwood-Walker et al. 1988; Garraway and Hochman 2001) and produces anti-hyperalgesia or hypoalgesia (Gao et al. 2001; Barasi and Duggal 1985) by acting on D2 receptors. In contrast, the role of D1/D5 receptors in the plasticity of spinal nociception is less clear.
Our previous study has revealed that protein synthesis inhibitors selectively inhibit the late-phase of LTP of C-fiber evoked field potentials (Hu et al. 2003) . In the present work the role of D1/D5 receptor and its down stream substrate proten kinase A (PKA) in the late phase of the spinal LTP were assessed. FINAL ACCEPTED VERSION (JN-01324-2004.R1) 6
Materials and methods

Surgical preparation
Experiments were performed on male Sprague-Dawley rats (250-280 g body wt).
Urethane (1.5 g/kg, given intraperitoneally) was used to induce and maintain anesthesia. Surgical level of anesthesia was verified by the stable mean arterial blood pressure and constant heart rate during noxious stimulation. The trachea was cannulated and the animal breathed spontaneously. One carotid artery was cannulated to continuously monitor the mean arterial blood pressure, which was maintained from 80 to 120 mmHg. A laminectomy was performed to expose the lumbar enlargement of spinal cord, and the dura mater was incised longitudinally. The left sciatic nerve was dissected free for bipolar electrical stimulation with platinum hook electrodes. All exposed nervous tissues were covered with warm paraffin oil, except for the spinal lumbar enlargement, onto which the drugs were applied. Colorectal temperature was kept constant (37-38 ዊ) by means of a feedback-controlled heating blanket. At the end of the experiments, animals were killed with overdose of urethane. The local animal care committee approved all experiments.
In some experiments the C2-C3 segments were also exposed by laminectomy to allow high cervical spinal transection. To prevent the strong stimulation produced by spinal cord transection, 2% lidocaine (50ዊl) was injected into spinal segment C3 and 8-10 min later spinal cord was cut at the injected site. In these experiments animals were paralyzed with 2% gallamine triethiodide (20mg/kg initially i. v., maintenance 10mg/kg) and artificially ventilated with room air. 
Electrophysiological recordings and nerve stimulation
Electrophysiological recording of C-fiber evoked field potentials and C-fiber evoked action potentials in spinal dorsal horn was described previously (Liu and Sandkühler 1995, 1997) Briefly, following electrical stimulation of the sciatic nerve, C-fiber evoked responses were recorded in the spinal dorsal horn (L4 and L5 segments) at the depth of 50-500ዊm from the dorsal surface with a tungsten microelectrode (World Precision Instruments, USA, impedance 1-2 Mዊ, the diameter of exposed tip: 1-2 ዊ m) which was driven by an electronically controlled microstepping motor (Narishige scientific instrument laboratory, Japan). A bandwidth of 0.1-500 Hz was used for recording field potentials. An A/D converter card (DT2821-F-16SE, Data translation, Inc. USA) was used to digitize and store data in a Pentium computer at a sampling rate of 10 kHz. Single square pulses (0.5 ms duration, at 1 min interval) delivered to the sciatic nerve were used as test stimuli. The strength of stimulation was adjusted to 1.5-2 times of threshold for C-fiber response. Tetanic stimulation (0.5 ms duration, 40V, 100 Hz, given in 4 trains of 1-s duration at 10-s interval) was used to induce LTP (Pokett 1995; RandiP et al. 1993; Liu and Sandkühler 1997) . The distance from the stimulation site at the sciatic nerve to the recording site in lumbar spinal dorsal horn was around 11 cm. Only one experiment was conducted in each animal. 
Compounds and drug treatment
Data analysis
The area of C-fiber evoked field potentials was determined off-line by parameter extraction (Fig. 1A) , which was implemented by DataWave (Colorado). In each experiment responses to five consecutive test stimuli were averaged. The mean area of C-fiber evoked field potentials before drug or saline application served as baseline.
All data are expressed as mean ± SEM. For statistic analysis the data within animal were compared with non-parametric Wilcoxon signed rank test, those between animals were compared with Kruskal-Wallis test. P<0.05 was considered significant.
Results
Spinal application of D1/D5 receptor agonist but not D2 receptor agonist induced LTP of C-fiber evoked field potentials in spinal dorsal horn
To investigate the role of D1/D5 receptors in LTP of C-fiber evoked field potentials, a specific D1/D5 agonist SKF 38393 (250 ዊM) was applied directly onto the spinal dorsal surface at the recording segments, following at least 30 min stable baseline recording. As shown in Fig1A, the drug induced LTP of C-fiber evoked field potentials with a long latency. At 85 min after SKF 38393 C-fiber evoked field potentials were potentiated significantly (to 137.4ዊ12.5%, n=7, P<0.05, Wilcoxon signed rank test). At 195 min after SKF 38393 the potentiation reached to 188.5ዊ 14.3%, and then remained at this level until end of experiments (6-10h after drug).
The data suggest that activation of D1/D5 receptors is sufficient to induce LTP of C-fiber evoked field potentials in spinal dorsal horn.
To confirm that the action of SKF 38393 is due to activation of D1/D5 receptors, a specific D1/D5 receptor antagonist, SCH 23390 (20 ዊM), was applied onto the spinal dorsal surface at 30 min before application of SKF 38393 in other 5 rats. The antagonist blocked LTP produced by SKF 38393 completely ( Fig 1A) . Spinal application of SCH 23390 (20 ዊM) alone or saline which was used to dissolve drugs did not affect the baseline of C-fiber responses as observed within 4h (Fig. 1B) .
In contrast, spinal application of Quinpirole, a D2 receptor agonist (100 ዊM), which is negatively coupled with adenylyl cyclase (Gentleman et al. 1981; Nestler 1994) , FINAL ACCEPTED VERSION (JN-01324-2004.R1) 10 induced a depression lasting for less than 2h (n=5, Fig 1C) .
Fig. 1: here
To test whether activation of D1/D5 receptors can induce long-lasting change in excitability of single spinal dorsal horn neurons, C-fiber evoked field potentials and C-fiber evoked action potential discharges in wide dynamic range neurons were successfully recorded for more than 5h simultaneously with the same microelectrode in seven rats (one unit in each rat). In accordance with previous work (Svendsen et al. 1997 ), C-fiber responses were calculated between 30-300 ms after test stimulation (conduction velocities ranged 0.36-3.6 m/s). In five out of 7 units spinal application of SKF 38393 produced LTP of C-fiber evoked action potential discharge and enlargement of cutaneous mechanoreceptive fields (see Fig. 2 for an example). In another 2 units no change was observed. (Fig.3A) . A significant decrease of the spinal LTP was seen at 65 min after induction (143.5ዊ10.2%, n=8, P < 0.05, Kruskal-Wallis test, Fig   3A) , compared with 178.8ዊ12.1% recorded in 0.9% NaCl control group (n=8). At 105 min after the LTP induction, the mean C-fiber response decreased to 117.8ዊ 12.9%, which is no longer different from baseline (P>0.05, Wilcoxon signed rank test).The result indicates that activation of D1/D5 receptors is necessary for induction of late phase LTP of C-fiber evoked field potentials in spinal dorsal horn.
To further evaluate the role of D1/D5 receptors in the maintenance of the spinal LTP, SCH 23390 (20 ዊM) was administered at 30 min after LTP induction but LTP was not affected as tested in all five rats (Fig.3B) . (Fig. 4) . At 6 h after application of SKF 38393 mean area of C-fiber evoked field potentials was 103.7ዊ12.9%, which is significantly different from that recorded in the rats treated with the D1/D5 agonist alone (185.9ዊ 9.3%, n=7, P < 0.05, Kruskal-Wallis test , Fig 4) . Fig 5A, filled circles) . Identical results were obtained, when the intensity of test stimulation was not changed after LTP induction by tetanic stimulation as tested in other 5 rats (Fig. 5A, open circles) . Second, we reversed the procedure, i.e., the D1/D5 agonist was applied prior to tetanic stimulation. Three hours after spinal application of SKF 38393, when LTP reached to a stable level, the intensity of test stimulation was reduced to let C-fiber responses to return to the baseline level in six rats. In these experiments tetanic stimulation induced a LTP, lasting for about 2 h. At 125 min after induction potentiation decreased to 128.1ዊ10.2%, which is no longer different from baseline (n=6, P>0.05, Wilcoxon signed ranks test, Fig 5B, filled circles), indicating that the tetanic stimulation induces an early phase but not late phase LTP. In the other 5 rats the test stimulation intensity was kept constant after potentiation by SKF 38393, tetanic stimulation delivered 3.5h after SKF 38393 induced only an early phase but not late phase LTP again (Fig 5B, open circles) . C-fiber response was potentiated to 132.7ዊ6.7% of baseline (n=5, P < 0.05, Wilcoxon signed ranks test) and at 90 min after drug application the potentiation reached to a stable level (170.8ዊ13.2%, Fig 6) . To investigate if the actions of 8-Br-cAMP and SKF 38393 share common mechanisms, the D1/D5 agonist SKF 38393 was applied 2.5h after 8-Br-cAMP. In all ten rats tested the SKF 38393 never produced further synaptic potentiation, no matter the test stimulation intensity had been reduced (n=5) or kept constant (n=5) after potentiation produced by 8-Br-cAMP (Fig 6) . The results of these occlusion experiments indicate that D1/D5-induced potentiation shares one or more steps in common with the cAMP pathway. area (Björklund and Skagerberg 1984; Hökfelt et al. 1979 ) and, to a lesser extent, from primary afferent fibers (Weil-Fugazza et al. 1993; Vega et al., 1991; Weil-Fugazza and Godefroy, 1993; Price and Mudge, 1983) . To determine whether the descending dopaminergic fibers are crucial for induction of late phase LTP, in the next experiments recordings were made in spinalized rats. In all 6 rats tested, tetanic stimulation induced LTP of C-fiber evoked field potentials, lasting for at least 4h (Fig.7) . The results indicate that the amount of dopamine released from primary afferent fibers may be enough for induction of the late phase LTP. 
